V 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 

(43) International Publication Date 
13 September 2001 (13.09.2001) 




PCT 



i mil mum n mill 1 1111 mi 1 11 m inn nm urn urn 1111 iium iin mi mi 

(10) International Publication Number 

WO 01/67071 A2 



(51) International Patent Classification 7 : G01N 21/00 

(21) International Application Number: PCT/USO 1/07475 

(22) International Filing Date: 7 March 2001 (07.03.2001) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

09/521,232 



8 March 2000 (08.03.2000) US 



(71) Applicant: BOXER CROSS, INC. [US/US]; 978 Hamil- 
ton Court, Menlo Park, CA 94025 (US). 

(72) Inventors: BORDEN, Peter, C; 118 Seville Way, San 
Mateo, CA 94402 (US). LI, Jiping; 466 Calistoga Circle, 
Fremont, CA 94536 (US). 

I (74) Agents: MACPHERSON, Alan, H. et aL; Skjerven Mor- 
S rill MacPherson LLP, Suite 700, 25 Metro Drive, San Jose, 
I CA 95110 (US). 



(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CR, CU, CZ, 

DE DK DM, DZ, EE, ES, FI, GB, GD, GE, GH, GM, HR, 
HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, 
LS LT, LU, LV, MA, MD, MG, MK, MN, MW, MX, MZ, 
NO NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM, 
TR, TT, TZ, UA, UG, UZ, VN, YU, ZA, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian 
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European 
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, 
IT LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF, 
CG, CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG). 

Published: 

— without international search report and to be republished 



upon receipt of that report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



= (54) Title: EVALUATING A PROPERTY OF A MULTILAYERED STRUCTURE 



< 



O 



(57) Abstract: A structure having a 
number of traces passing through a 
region is evaluated by using a beam of 
electromagnetic radiation to illuminate 
the region, and generating an electrical 
signal that indicates an attribute 
of a portion (also called "reflected 
portion") of the beam reflected from 
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a comparison of the generated signals 
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EVALUATING A PROPERTY OF A MULTELAYERED STRUCTURE 



BACKGROUND 

In the processing of a semiconductor wafer to form integrated circuits, a number 
of traces are normally formed over an underlying layer. The traces are normally used to 
5 interconnect transistors and other devices in the integrated circuits. Such traces may 
have widths under 0.2 micrometers (microns), pitches (center to center spacing) under 
0.4 microns and aspect ratios exceeding 4:1. 

Depending on the stage of the processing, it may be necessary to measure 
properties of various portions of a wafer, such as the properties of the traces and/or the 
1 0 properties of the underlying layer. However, the presence of traces can interfere with 
conventional measurements that examine open areas (areas not covered by traces). 

See U.S. Patent 6,054,868 entitled "AN APPARATUS AND METHOD FOR 
MEASURING A PROPERTY OF A LAYER IN A MULTILAYERED 
STRUCTURE," filed June 10, 1998, by Peter G. Borden et al. 

1 5 See also U.S. Patent 6,049,220 entitled "APPARATUS AND METHOD FOR 

EVALUATING A WAFER OF SEMICONDUCTOR MATERIAL," filed June 10, 
1998, by Peter G. Borden et al. 



SUMMARY 

20 A structure having a number of traces supported by a layer in contact with the 

traces (also called "multi-layered structure") is evaluated in accordance with the 
invention by illuminating a region (also called "illuminated region") containing several 
traces, using a beam of electromagnetic radiation, and generating an electrical signal 
(e.g., by use of a photosensitive element) that indicates an attribute (e.g., intensity or 

25 optical phase) of a portion (also called "reflected portion") of the beam reflected from 
the region. As more than one trace (and therefore more than one portion of the layer in 
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contact with the traces) is being illuminated, the reflected portion and the electrical 
signal generated therefrom do not resolve individual features in the illuminated region, 
and instead indicate an average measure of a property of such features. la contrast, 
most prior art methods measure a property of an individual feature in such a multi- 
layered structure. 

In one embodiment, the acts of "illuminating" and "generating" are repeated in 
another region (of the same structure or of a different structure) also having multiple 
traces. The electrical signals being generated from light reflected by different regions 
can be automatically compared to one another to identify variation of an average 
property (e.g., average thickness of the layer in contact with the traces, or average 
resistance per unit length of the traces) between the regions. Instead of (or in addition 
to) the just-described comparison, the values of such a signal can be plotted in a graph 
to indicate a profile of a surface in the region. A value being plotted can be an absolute 
value of the reflected portion alone, or can be a value relative to another portion that is 
reflected by another surface in the same region (which indicates the average distance 
therebetween), or by the same surface in another region (which indicates an average 
profile of the surface). 

Such measurements can identify variations in properties in a semiconductor 
wafer of the type used in fabrication of integrated circuit dice, or between multiple such 
wafers (e.g., values measured from a reference wafer and a production wafer or between 
two successive production wafers can be compared). Identification of a change in a 
property between two or more wafers is useful e.g., when performing such 
measurements during wafer fabrication, so that process parameters used to fabricate a 
next wafer (e.g., creating the above-described layer or the traces) can be changed as 
necessary (in a feedback loop), to generate wafers having material properties within 
acceptable limits. Note, however, that structures other than semiconductor wafers (e.g., 
photomasks that include a glass substrate and are used to form the wafers, or an active 
matrix liquid crystal display) can also be evaluated as described herein. 

In a first example, there is a transmissive medium (such as air) located between 
a source of the beam (also called probe beam) and the illuminated region. In one 
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implementation, another beam (also called "heating beam") is used in addition to the 
probe beam, to modulate the temperature of the traces (e.g., at a predetermined 
frequency). Reflectance of the traces changes with the change in temperature. The 
reflected portion (which depends on reflectance), and hence the generated signal also 
oscillates (e.g., as the predetermined frequency). Such an oscillating signal is measured 
by e.g., a lock-in amplifier, and the measurement is repeated in another region. If all 
traces in the illuminated region are conductive, comparison of measurements from 
different regions (e.g., which may be in the same location in different die of a wafer, or 
which may be in the same die in different wafers) indicates a change in the average 
resistance per unit length (and therefore the corresponding change in cross-sectional 
area) between traces in the respective regions (if conductivity is constant). 

A series of measurements from regions adjacent to one another (or even 
overlapping one another) in the longitudinal direction of the traces, when plotted in a 
graph along the y axis with the x axis indicating distance along the longitudinal 
direction yields a profile of the traces (which may be used to detect, e.g. global 
nonuniformity such as a dimple or a dome). Depending on the specific variant, the 
probe beam and the heating beam can each be coincident with or offset from the other. 

In another implementation, multiple traces in a region of a structure of the first 
example are each substantially parallel to and adjacent to the other, and the beam has 
wavelength greater than (or equal) to a pitch between two adjacent traces. In one such 
embodiment, the probe beam is polarized (e.g., by a polarizing optical element 
interposed between a source of the beam and the structure), although a nonpolarized 
probe beam can be used in other embodiments. A polarized probe beam can be used in 
several ways, including, e.g., orienting the probe beam so that the electrical field vector 
for the electromagnetic radiation is at a predetermined angle relative to the traces. 

When the probe beam is polarized perpendicular to the traces, the traces do not 
reflect the probe beam. Instead, the probe beam passes between the traces and is 
reflected from underneath the traces, e.g. by charge carriers of a semiconductor layer, or 
by a surface of an oxide layer, or both. Such light which is reflected from underneath 
the traces can be used to identify variation in a property of features underneath the 
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traces (averaged over the features that are ffluminated). The portion reflected by charge 
carriers is relatively small (e.g., 1/10 4 or less) as compared to the portion reflected by an 
underlying surface, and therefore has a negligible effect on an overall measurement of a 
steady signal (also called "DC" component). If necessary, the portion reflected by 

5 charge carriers can be measured by modulating the number of charge carriers and using 
a lock-in amplifier to measure the portion of a reflected light that is modulated (also 
called "AC" component) as described elsewhere herein. The charge carriers can be 
created by a beam having an oscillating intensity (or oscillating phase), hi this variant, 
the reflected portion has an intensity (or phase) that is modulated in phase with 

10 modulation of the charge carriers (and can be measured by use of a lock-in amplifier). 

When the probe beam is polarized parallel to the longitudinal direction of the 
traces, the above-described reflected portion (that is used to generate the electrical 
signal) is reflected by the traces. The reflected portion can be used to identify variation 
in a property that is averaged over the traces. A probe beam polarized parallel to the 

1 5 traces can be used with a heating beam that is also polarized parallel to the traces, and in 
such a case effectively on the traces interact with the heating beam, and are heated 
more, as compared to heating by an unpolarized heating beam. Alternatively, the just- 
described probe beam (also called "parallel polarized beam") can be used with another 
probe beam that is polarized perpendicular to the traces (also called "perpendicular 

20 polarized beam"). The two polarized beams can be generated fiom the same beam, e.g., 
by a polarizer or a polarizing optical element (such as a Wollaston beam splitter), or by 
a combination of such optical elements (e.g. Wollaston beam splitter followed by a 
polarizer). A polarizer here refers to any optical element or set of optical elements 
whose output is a beam with a single direction of polarization. 

25 La one embodiment, a portion of the parallel polarized beam reflected by the 

traces, and a portion of the perpendicular polarized beam reflected from underneath the 
traces interfere, and the interference pattern is used to generate an electrical signal. As 
noted above, the electrical signal indicates aprofile of the underneath surface when the 
beams are offeet. When the parallel polarized beam and the perpendicular polarized 

30 beam are coincident, the electrical signal indicates a distance between the underneath 
surface and a surface of the traces exposed to the transmissive medium (also called 
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• ''exposed surface"). Note that the exposed surface of the structure can be formed by a 
surface of the traces and a surface of the layer that interdigitates between the traces (the 
layer surface and the trace surface can be substantially co-planar - within the same 
plane or in planes that are separated from each other by less than 10% of the width of 
5 the traces) and such surfaces can be formed, e.g., by chemical mechanical polishing. 

The two probe beams that are polarized mutually perpendicular to each other can 
each be oriented at 45° relative to the traces, so that at least a portion of each beam is 
reflected from the exposed surface of the structure. In such a case, the electrical signal 
obtained from the two or more reflected portions indicates a profile of the exposed 

10 surface, assuming the two beams are offset from one another, and the surface containing 
the traces has a constant profile. An optional polarizing beam splitter can be used to 
limit the measurement to the two portions that are reflected by the traces (or to the two 
portions that are reflected by a surface underneath the traces when profiling the 
underneath surface). Therefore, illuminating a region containing two or more traces 

15 allows use ofthe wafer as a polarizer to measure an average property of features 
underneath the traces that are otherwise inaccessible. 

In a second example, the traces are separated from the transmissive medium by a 
layer (also called "exposed layer") included in the structure. One method used with the 
second example measures a signal obtained from interference between a portion ofthe 

20 probe beam reflected by the traces, and another portion reflected by a layer formed over 
the traces. Reflection of a perpendicular polarized beam by the exposed layer 
overcomes a prior art problem of iUuminating a region containing traces, because the 
traces do not adversely affect the perpendicularly polarized light (e.g., the traces reflect 
parallel polarized light). The just-described method does not require a heating beam. 

25 This method also has the advantage of being able to measure a property of traces buried 
underneath the exposed layer. 

In a variant ofthe just-described method, both portions are reflected by the 
traces, and each portion is offset from the other thereby to yield a signal indicative of a 
profile ofthe surface of traces (although the traces are located underneath the exposed 
30 layer). In such a method, the to-be-reflected portions of a probe beam can be polarized 
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mutually perpendicular to each other and oriented at 45° relative to the traces. Instead 
of mutually perpendicularly polarized beams, two beams that are polarized parallel to 
one another and also parallel to the traces also can be used, e.g., to obtain a surface 
profile of the traces (that are located underneath the exposed layer). 

5 Furthermore, instead of being offset from one another, the parallel polarized 

beams can be coincident, with one beam being the probe beam and the other beam 
being the heating beam. In such a case, the measured signal provides an indication of a 
property of the traces, although the traces are located underneath the exposed layer. If 
the two beams that are polarized parallel to one another (e.g., a probe beam and a 

1 0 heating beam) are both oriented perpendicular to the traces (a first set) underneath the 
exposed layer, a property of a second set of traces located underneath the first set can be 
determined. Furthermore, instead of a heating beam, a pump beam can be used to 
generate charge carriers in a layer located underneath the traces. 

One implementation combines two of the above-described methods, by using 
1 5 two beams that are respectively polarized parallel and perpendicular relative to the 
longitudinal direction of a set of traces in the structure. In this implementation, two 
electrical signals for two measurements in the two polarization directions are generated 
contemporaneously (e.g., just before, during or just after each other). Simultaneous 
generation of the two electrical signals provides an advantage in speed, as compared to 
20 sequential generation of the two signals. Such electrical signals can provide measures 
of properties of both traces and a layer underneath the traces, so that a wafer can be 
accepted or rejected in a signal operation. 

In another embodiment, the probe beam is nonpolarized (or has circular or 
elliptical polarization so that both orthogonal polarization components are 
25 simultaneously present in the single probe beam). In one implementation of this 

embodiment, the method includes generating a single electrical signal from the portion 
of light reflected when a nonpolarized (or circular or elliptical polarized) probe beam is 
used. In another implementation, the method includes contemporaneous generation of 
two electrical signals based on measurement of two components of the reflected 
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portion: a first component that is polarized in a direction perpendicular to the traces, and 
a second component that is polarized in a direction parallel to the traces. 



RRTEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 A illustrates, in a perspective view, a portion of a structure having a 
5 number of traces in a region illuminated by a probe beam in accordance with the 
invention. 

FIG. IB illustrates, in an elevation view in the direction IB of FIG. 1 A, the 
relationship between the diameter Dp of the probe beam and the pitch p between the 
traces. 

10 FIG. 1 C illustrates, in a flow chart, acts (including illumination of multiple 

traces illustrated in FIGs. 1 A and IB) being performed during wafer fabrication, in one 
embodiment of the invention. 

FIG. ID illustrates, in a block diagram, one embodiment of a measurement 
apparatus of this invention being used with various devices that fabricate the structure 
15 of FIG. 1A. 

FIGs. 1E-1J illustrate, in partial cross-sectional views, a semiconductor wafer at 
various stages of fabrication in the apparatus of FIG. ID. 

FIG. IK illustrates, in a plan view of the arrangement illustrated in FIG. 1 A, the 
relation between the electric field vector (of a probe beam that is linearly polarized) and 
20 the traces. 

FIG. 2 A illustrates, in a partial cross-sectional view, the relationship between 
two polarized components of a probe beam and the light reflected by or passing between 
the traces in a semiconductor wafer. 

FIG. 2B illustrates, in a cross-sectional view, a structure having grooves 208A- 
25 208M that contain a gas, such as air that acts as a number of non-conductive traces, and 
which can also be used as a polarizer as described herein. 
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FIG. 2C illustrates, in a graph, relation between pitch (on the x axis) and 
extinction ratio (on the y axis) for light of a fixed wavelength, wherein the extinction 
ratio is a ratio of light (intensity) transmitted to a region underneath the traces (FIG. 2 A) 
in the perpendicular and parallel directions. 

5 FIGs. 2D, 2E and 2G illustrate, in block diagrams, alternative embodiments that 

use one or more polarized components of a probe beam. 

FIG. 2F illustrates, in a graph, the change in reflectance of the structure of FIG. 
2B as a function of depth Gd of the grooves. 

FIGs. 3A and 3B illustrate, in graphs, a change in reflectance of the region 
10 illuminated by the probe beam (illustrated in FIG. 1 A) as a function of thickness of an 
insulative layer located underneath the traces (plotted along the x axis in \xm) for FIG. 
3A or thickness of traces for FIG. 3B. 

FIGs. 3C-3E illustrate, in graphs, relationships between measurements of the 
two polarized components in one example. 

15 FIG. 4 A illustrates, in a flow chart, acts performed during wafer fabrication in 

one implementation of the embodiment illustrated in FIG. 1C. 

FIG. 4B illustrates variations in measurements across a wafer in one example of 
a uniformity map obtained towards the end of the process illustrated in FIG. 4A. 

FIGs. 5 A and 5B illustrate, in partial cross-sectional views, measurement of 
20 properties of a semiconductor wafer having an exposed layer formed on traces in two 
variants. 

FIGs. 6 A and 6B illustrate, in cross-sectional views, two mutually perpendicular 
components of a probe beam that are offset from one another for use in obtaining a 
surface profile. 

25 FIGs. 6C and 6D illustrate, in plan views, the orientation of polarization 

direction of the beams of FIGs. 6A and 6B respectively relative to the traces. 
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FIG. 6E illustrates use of a polarizing beam splitter 1 520 to generate the two 
components of the probe beam illustrated in FIGs. 6C and 6D. 

HGs. 7A-7E are similar or identical to the corresponding FIGs. 6A-6E except 
that the polarization directions of the two beams are parallel to one another. 

5 FIG. 8 illustrates, in a partial cross-sectional view, the various defects in a 

semiconductor wafer that can be identified by use of the measurements described 
herein. 

FIG. 9 illustrates, in a high-level block diagram, a circuit included in 
measurement apparatus 125 of FIG. ID in one embodiment. 

10 DETAILED DESCRIPTION 

A structure 10 (FIG. 1A) is multilayered, and contains a number of traces 1 1 A- 
1 IN (A <I < J < N; N being the total number of traces) passing through a region 1 1 
(also called illuminated region) of a layer 13. Traces 1 1 A-l IN have an index of 
refraction different from the index of refraction of layer 13, and therefore reflect a probe 

15 beam that is directed at region 11. Note that traces 1 1 A-l IN need not be conductive, 
although in one embodiment the traces are conductive. Structure 10 can be (but is not 
required to be) a wafer of the type commonly used to manufacture integrated circuit 
dies. Note also that traces 1 1 A-l IN need not be parallel to each other (except when a 
polarized probe beam is used as discussed below in which case traces 11 A-l IN are at 

20 least substantially parallel to each other). 

Structure 10 is evaluated in one embodiment of the invention by focusing (see 
act 22 in FIG. 1 C) a beam 12 (FIG. 1 A) of electromagnetic radiation on region 1 1 
(which is defined to be the entire region illuminated by beam 12 on an exposed surface 
13S of structure 10). Beam 12 has a diameter Dp (at surface 13S of structure 10) mat is 
25 selected to be several times larger than the width w of a trace 1 II. For example, 

diameter Dp can be 2 microns and width w can be 0. 15 microns (so that seven lines are 
simultaneously covered by beam 12). 
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Notethatbeam 12 merely illuminates region 11 and may or may not be focused 
on surface 13S (which is a surface of structure 10 exposed to a transmissive medium 15 
such as air). In different embodiments, beam 12 is focused on (a) surface 13S, (b) 
surface 14S, (c) between surfaces 13S and 14S, (d) surface 16, or (3) above surface 13S. 
5 Therefore, beam 1 2 does not resolve individual features in region 1 1 (unlike a scanning 
microscope of the prior art which can resolve the individual features). Instead, beam 12 
is used to obtain an average measure of one or more properties in iUuminated in region 
11, e.g., of traces 11A-11N, or of layer 13 or a combination thereof, or some other 
material or feature in region 1 1 . 
10 A portion of beam 12 is reflected by region 1 1, and is used to generate (e.g., as 

illustrated by act 23 in FIG. 1C) an electrical signal (e.g., by use of a photosensitive 
element) that indicates an attribute (e.g., intensity or optical phase) of the reflected 
portion. The measured attribute in turn is used as an average measure of a property of a 
material in region 1 1. For example, if the just-described acts 22 and 23 are performed 
15 in one region 11, a stage that supports structure 10 moves structure 10 so that a different 
region is illuminated, and then these acts 22 and 23 are repeated. Therefore, this 
embodiment involves stepwise movement ("hopping") from one region to another 
region of structure 1 0 when performing measurements of the type described herein (as 
opposed to a scanning microscope of the prior art that continuously moves ("sweeps") a 
20 beam of electromagnetic radiation relative to a structure). In the hopping process, the 
stage holds structure 10 stationary for amoment (e.g., 1 second) while ameasurement is 
taken in one region, and then moves to another region (e.g., of the same structure). 

Two regions in which measurements are made can be separated from each other, 
e.g., by distance which is same as the diameter Dp of beam 12. Alternatively, the two 
25 regions can touch each other or even overlap each other. When overlapping one 
another, the centers of the two regions may be separated by a small fraction of the 
diameter, e.g., by (1/10) Dp or less. Regardless of how close the regions are, the 
hopping process yields discrete values (one for each region) as compared to the 
sweeping process which yields a continuous signal. As described elsewhere herein, the 
30 regions can be physically located in different structures, so that an alternative 
embodiment involves hopping from structure to structure (when hopping among 

10 
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# regions). A combination of the just-described two types of hopping can also be used 
(i.e., moving between regions of the same structure and also moving between regions of 
different structures). 

Note that the just-described "hopping" can be performed from one region to a 
5 next region that touch each other, and a measurement from each region can be plotted in 
a graph, e.g., to indicate a profile of a surface across the regions. As described 
elsewhere herein, such measurements provide an average profile (in view of 
nonresolution of the individual features in the illuminated region). In another 
embodiment, the hopping is performed between regions that overlap one another 
10 thereby to provide a more realistic measure of the average profile across these regions, 
as compared to non-overlapping regions. 

The electrical signals obtained by the measurements are optionally compared 
(e.g., in act 24) either against each other or against a predetermined limit, to identify a 
change in a property (such as the thickness of layer 13 or thickness of traces 1 1 A-l IN) 
15 between the regions. An electrical signal indicative of reflectance changes in response 
to a change in a property of features (such as layer 13 or 1 1 A-l IN traces) containing the 
material being evaluated in structure 10. Note that the electrical signal by itself 
provides an average measure of the property in the region due to the region having a 
size that is larger (e.g., by an order of magnitude) than the size of an individual feature. 

20 Note also that only changes that cause a property to fall outside a predetermined 

range are flagged in one embodiment. Such a predetermined range can be same as the 
limits beyond which a structure is rejected as being unacceptable (or can be smaller than 
such limits to allow a correction to be made even before an unacceptable structure is 
fabricated). Note that the property being measured can be an average dimension of the 

25 features in region 1 1 (such as thickness of traces) or an average material property of 
such features (such as the average resistance per unit length of the traces). 

Comparisons of such signals from different regions (of a structure or structures) 
may be performed manually, although in other examples such comparisons are 
performed automatically (by a programmed computer). Alternatively, the electrical 
30 signals generated in act 23 can be plotted to obtain a two dimensional image of structure 
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10 as a whole, so that the image indicates changes in property (also called "material 
property") between such regions. Instead of a two-dimensional image, the electrical 
signals can be plotted in a graph along the y axis, with the x axis representing regions in 
structure 10. 

5 As noted above, the just-described regions can be inside a single structure 10, or 

spread across multiple such structures (e.g., in a reference structure that has known 
material properties, and a production structure that is currently being fabricated and 
whose properties are yet to be determined, or even multiple production structures). 
Identification of changes in a property between two or more structures is useful e.g., 

10 when performance of such measurements is interleaved between fabrication processes, 
so that one or more process parameters used to fabricate a next structure (such as 
creating traces or a layer adjacent to the traces, as illustrated by optional act 21) can be 
changed as necessary (e.g., as illustrated by optional act 25) to fabricate structures 
having properties within acceptable limits. 

15 Note that acts 21 , 24 and 25 described above in reference to FIG. 1C are 

■ optional, and may or may not be performed, depending on the embodiment. For 
example, the generated electrical signals may be manually evaluated. Alternatively, 
such evaluations (manual or automatic) maybe performed independent of the 
fabrication processes of the structures. In one embodiment, the above-described 

20 structure 10 is implemented as a semiconductor substrate (also called "wafer") of the 
type used in fabrication of integrated circuit dice. In mis embodiment, a processing unit 
1 00 (FIG. ID) creates integrated circuit (abbreviated as "IC") dice by processing a 
semiconductor substrate 102 (FIGs. ID and IE) to form various substrates 103-107 
(FIGs. 1F-1J) at intermediate stages in the fabrication of the dies. 

25 In one example, a patterning apparatus 120 deposits a photoresist layer 102A on 

top of an insulation layer 102B which in turn is formed on silicon substrate 102C 
(FIG. IE). In this example, an etching apparatus 121 exposes and develops photoresist 
layer 102A to form therein grooves 103A-103M (M being the total number of grooves), 
thereby to form wafer 103 (FIG. IF). Thereafter, an etching apparatus 121 etches 
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through the patterned photoresist layer 102A to form grooves 104A-104M in insulation 
layer 102B, thereby to form wafer 104 (FIG. 1G). 

Next, resist layer 102A is removed, and a liner deposition apparatus 122 forms a 
barrier layer 105A (e.g., of tantalum nitride to prevent diffusion of to-be-applied 

5 conductive material, such as copper, into insulation layer 1 02B) in etched grooves 
104A-104M of insulation layer 102B, as illustrated by wafer 105 in FIG. 1H. Then a 
conductive material 106A is blanket deposited on wafer 105, by a deposition apparatus 
123 thereby to form substrate 106 (FIG. II). Note that barrier layer 105A, although 
present in substrate 106, is not shown for clarity in FIG. 1L The deposited layer 106A 

10 has a thickness t (FIG. II) of, for example, l-2|om. Next a polishing apparatus 124 is 
used to polish back layer 106A (e.g., by l-2um), leaving conductive lines 107A-107M 
in grooves of insulation layer 102B, as in the case of a damascene structure. 

Processing unit 100 includes a measuring apparatus 125 (FIG. ID) that performs 
the process described above in reference to FIGs. 1 A-1C. Therefore, at any point during 

15 wafer fabrication of the type described above in reference to FIGs. 1D-1 J, a wafer can 
be subjected to me measurement process e.g., as illustrated by arrows 110-114. If a 
measured signal falls outside a predetermined limit (e.g., exceeds a maximum or falls 
below a minimum), the fabrication process can be adjusted in real time, thereby to 
produce more wafers that are acceptable (than if measurements were done after wafers 

20 are fabricated). The predetermined limit can be selected after calibration, e.g. from a 
signal obtained when the measurement process is performed on a wafer having known 
properties (which are properties determined by use of any prior art method). 

One embodiment of apparatus 125 includes an optional programmed computer 
126 that supplies a process parameter (used in the fabrication process) on a bus 1 15 that 

25 is coupled to each of apparatuses 120-124 described above. A change in the process 
parameter can be determined automatically by software in programmed computer 126 
(e.g. by performing a table look up), or can be entered by a human operator. Note that 
in one embodiment a single measurement operation on wafer 107 measures properties 
of traces 1 1A-1 IN (FIG. 1 A) and also of layer 13, so that multiple measurement 

30 operations are not required. 
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In one embodiment, traces 1 1 A-l IN (FIG. 1 A) are each substantially parallel to 
and adjacent to the other (e.g., centerlines CI and CJ of traces 1 II and 1 1 J that are 
adjacent to each other form an angle of less than 25° relative to one another). In this 
embodiment, beam 12 is selected to have a wavelength greater than or equal to pitch p 
5 between two adjacent traces 1 II and 11 J. In one implementation of such an 

embodiment, measurement apparatus 125 (FIG. ID) determines, between two or more 
acts of fabricating substrate 102, an average measure of the thickness t of layer 13 in 
region 1 1 (FIG. 1 A), simply by measuring the intensity of the portion of beam 12 
reflected from region 1 1 . 

10 Note that another beam (also called "pump beam"), in addition to beam 12, can 

be used to create charge carriers in layer 14 (e.g., as described in the U.S. Patent 
6,049,220) if layer 1 4 is formed of a semiconductor material. In one such example, 
beam 12 (also called "probe beam") contains photons having energy lower than or 
approximately (within 10%) equal to the bandgap energy of a semiconductor material in 

1 5 layer 14. In the example, charge carriers may be modulated in any one or more of 
several ways: (1) by photogeneration of additional charge carriers; (2) movement of 
background carriers due to change in voltage potential caused by illumination or some 
other way. 

In one embodiment the charge carriers are modulated at a frequency that is 
20 sufficiently low to avoid creation of a wave of charge carriers. If so modulated, the 

reflected portion of beam 12 is also modulated at the just-described frequency, in phase 
with modulation of the charge carriers (and the reflected portion of beam 12 can be 
measured by use of a lock-in amplifier as stated in the just-described patent 
application). 

25 Beam 12 can be linearly polarized, circularly polarized, elliptically polarized, 

nonpolarized or some combination thereof, depending on the implementation. So, in 
one implementation, probe beam 12 is nonpolarized, and one embodiment generates a 
single electrical signal from the reflected portion. Such an electrical signal (as a whole) 
provides an average measure of the thickness t of a layer 13 (FIG. IB) that supports 

30 traces 1 1 A-l IN. In one embodiment, in addition to the nonpolarized probe beam 12, an 
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• additional beam such as the heating beam described in U.S. patent 6,054,868 is used (as 
described below) to illuminate multiple traces. 

In this embodiment, a modulated component of the electrical signal (as 
measured by a lock-in amplifier) provides a measure of a property (such as thickness) of 
5 traces 1 1 A-l IN. The modulated component of the electrical signal, obtained from 
measuring the change in reflectance of traces 1 1 A-l IN, is sufficiently small relative to 
the overall electrical signal (due to reflectance of nonpolarized probe beam 12 by region 
1 1) so that the overall electrical signal can be used as a measure of a property of layer 
13. 

10 Therefore, a measure of the modulated component and of the overall electrical 

signal (or its steady component) identify a change in properties of different layers of a 
structure, and such measurements can be performed in a single operation. Instead of 
using a heating beam, if a pump beam of the type described in the U.S. patent 6,049,220 
isused,thenachangeinapropertyofasemiconductorlayer 14(FIG. lA)canbe 

15 identified by use of a lock-in amplifier to measure the modulated component. 

Instead of nonpolarized beam, a circularly or elliptically polarized beam can also 
be used as described herein for a nonpolarized beam (except that separate calibration is 
required for an elliptically polarized beam; specifically, in the case of elliptically 
polarized light, the intensities in the two directions are different: for example, if the 
20 ratio of intensity in the two directions is 2:1 ( P arallel:per P endicular), then the parallel 
signal will be twice as strong for the same reflectivity, and reflection in the parallel 
direction must be divided by 2 to compare to the reflection in the perpendicular 
direction). 

In one embodiment, a reflected portion of a nonpolarized probe beam 12 is 
25 passed through a polarizer or a polarizing beam splitter to generate one or both 

components that have orthogonal polarization directions. For example, a polarizer may 
be used to select an individual polarization direction that may be oriented parallel (or 
perpendicular depending on the orientation of the polarizer) to a set of traces, and so 
that the photocell detects only parallel polarized light (and the perpendicular polarized 
30 light is blocked). Alternately, a polarizing beam splitter separates the unpolarized light 
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t 

into two orthogonal polarization components, for instance, aligned parallel and 
perpendicular to a set of traces. The parallel and perpendicular polarized components 
are then intercepted by separate photodetectors to simultaneously measure their 
individual intensities. 

5 In the above-described embodiment, probe beam 12 can be either polarized or 

nonpolarized. In one implementation, probe beam 12 is linearly polarized even prior to 
being incident on structure 10 (e.g., by a polarizing element interposed between a source 
of beam 12 and structure 10). The polarizing element can be a polarizing beam splitter 
available from Melles Griot of Irvine California (see, for example part number 033 PBB 

10 012). A polarized probe beam 12 can be used in several ways, including, e.g., orienting 
beam 12 (FIG. IK) so that the electric field vector v thereof is at a predetermined angle 
9 (such as 0°, 90° or 45°) relative to the longitudinal direction IB (FIG. 1 A) of traces 
11A-11N. 

In one example, a probe beam 203i (FIG. 2A) is polarized perpendicular (i.e., 9 
15 = 90°) to traces 21 1 A-21 IN, which appear transparent to beam 203i due to the 

orientation, as long as the wavelength exceeds the pitch. Therefore, probe-beam 203i 
has energy in the form of beam 203t that passes through layer 202 (that is at least 
partially transmissive), and the remaining energy of probe beam 203i is reflected (e.g., 
by surface 202s) in the form of reflected portion 203r or absorbed. The transmitted 
20 portion 203t passes between traces 21 1A-21 IN in the direction of incidence DI, because 
traces 21 1 A-21 IN act as a polarizer, as described in, e.g., the Optics Handbook, pages 
10-72 to 10-77. As described therein, the transmittances Ti and T 2 for the grid of traces 
211A-211Nare: 

(T,),= 4PA2 CD 
l+(l + n) 2 A 2 

4nB 2 fT > 
1 l+(l + n) 2 B 2 

where n = refractive index of (transparent) substrate material 
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(Ti)j. = transmittance for radiation polarized perpendicular to the traces. 
(T 2 )o - transmittance for radiation polarized parallel to the traces. 
The general expressions for A and B are: 

1 4dL T 7t(d-a)l , Q,cos 4 f7t(d-a)/2d] , 

16UJ L 2d J 2d 

' ( Tia^ Q 2 cos 4 (na /2d) 1 
ltt l CSC ^dJ + l + Q 2 sinc 4 (Tca/2d) + J 



na. 
2d 



(3) 



(4) 



where 



-l 



(5) 



These relations hold for traces 21 1 A-21 IN having trace width a and spacing d, 
assuming X > 2d. Eqs. (3) and (4) are in error by less than 1 percent when X > 2d; for 
1 0 the condition X > d, the error is less than 5 percent but increases for still shorter 
wavelengths. 

When the trace width a is equal to the width of the spaces between the traces (d 
- 2a)> Eqs. (3) and (4) are simplified since 3-a = a - d/2: 



0.3466 + 



0.25Q 2 ^ + 0 _ 003906 



1 + 0.25Q 2 



(6) 
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(7) 



Note that traces 21 1A-211N need not be conductive. 

Another structure 207 (FIG. 2B) has grooves 208A-208M that hold air or other 
gas. Grooves 208A-208M are formed in an insulative layer 208 (that is supported on a 
substrate 209) by etching, e.g. as described above in reference to FIG. IF. When a 
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20 



25 



probe beam 203i is incident on structure 207, grooves' 208A-208M act in a manner 
similar to that described herein (above and below) in reference to traces 21 1 A-21 IN, 
except for any discussion related to a heating beam. 

Specifically, there is a difference in the index of refraction between the air in 
grooves 208 A-208M and in layer 208, and the optical effect is similar to the effect when 
there are traces in the grooves. Specifically, probe beam portion 203t reflected from 
structure 207 has an intensity that is dependent on the average depth Gd (FIG. 2F) of 
grooves 208A-208M (FIG. 2B). In the example illustrated in FIG. 2F, curves 301 and 
303 are formed by measurements from illuminating the traces with a perpendicularly 
polarized beam in a structure having a 1 .Opm thick insulative layer, and having a trace 
width of 0. 1 8nm, Curve 301 is obtained when the electric field (also referred to as 
"TE") is oriented along grooves 208A-208M, whereas curve 302 is obtained with the 
electric field oriented perpendicular to grooves 208A-208M (i.e. magnetic field is 
oriented along the grooves). Curves 302 and 304 are formed by similar measurements 
from use of a parallel polarized beam, when the trace width is 0.13|um. 

The intensity of reflected portion 302r is also a function of polarization direction 
and of the thickness tg between the bottom surface of grooves 208 A-208M and 
substrate 209. Performing a reflectance measurement with one probe beam and then 
repeating the measurement with a probe beam of a different wavelength, yields two 
measurements that are used with charts to extract the depth Gd and thickness tg, e.g., as 
described below in reference to FIG. 3A (i.e., to resolve an ambiguity). Alternatively, 
such reflectance measurements can be made by use of either one of two probe beams 
that have mutually perpendicular polarizations. Of course, both can be used 
successively (i.e., one after another) to obtain two reflectance measurements that can be 
used (with charts) to look up each of depth Gd and thickness tg. Note that grooves 
208 A-208M in layer 208 do not act as a sheet of metal or conductor when illuminated 
by a beam polarized parallel to the longitudinal direction of the grooves. 

For a given wavelength X of probe beam 12, as the pitch p is reduced below X 
(and the number of traces in region 11 is increased correspondingly) a parallel polarized 
beam is reflected more effectively and a perpendicular polarized beam is transmitted 
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more effectively. Specifically, an extinction ratio increases with reduction of pitch, as 
illustrated by curves 221-223 in FIG. 2C which illustrate the extinction ratio for light at 
a wavelength of 0.98nm as a function of the pitch in microns. The extinction ratio is 
the ratio determined by dividing the transmission for light polarized perpendicular to the 
5 lines by the transmission for light polarized parallel to the lines. Curve 222 is for line 
width equal to half the pitch. Curve 221 (solid line) is for the case of traces being 10% 
wider than the half-pitch (trace width equals pitch/1 .8^m). Curve 223 (dashed line) is 
for the case of traces 10% narrower than the half-pitch (trace width equals pitch/1 .2pm). 

Therefore when pitch is approximately equal to the wavelength, both polarized 
10 components are transmitted equally. So, in one embodiment, wavelength greater than 
pitch is used to yield a large extinction ratio (e.g., greater than 2). When pitch is greater 
than or equal to 0.85um, the probe beam diameter Dp becomes on the order of the width 
of the traces, so that eventually there is no transmission of the incident light, and instead 
there is full reflection. 

15 Thereafter, in one embodiment beam 203t is reflected (thereby to form reflected 

portion 203r) by a surface (not shown in FIG. 2A) between layer 202 and an underlying 
layer. Reflected portion 203r passes back between traces 21 1 A-21 IN in the direction 
DR that is opposite to the incidence direction DI, and is measured. Perpendicular 
polarized beam 203i is used in one implementation with an additional pump beam as 

20 described in U.S. Patent 6,049,220 to generate charge carriers and a lock-in amplifier- 
provides a measure of a property of a layer underneath traces 211-21 IN. In another 
implementation, reflected portion 203r is used directly (without any additional beam) as 
an average measure of the thickness of layer 13 across multiple such regions (e.g., in a 
single wafer). 

25 In another example, a probe beam 204i (FIG. 2A) is polarized parallel to traces 

21 1 A-21 IN, and both beams 203i and 204i are coincident (on the same region 21 1) and 
both illuminate the traces 21 1 A-21 IN. A majority of the energy of beam 204i is 
reflected by traces 21 1 A-21 IN, as reflected portion 204r. Reflected portion 204r can be 
used to determine a property of traces 21 1 A-21 IN, e.g., by measuring reflectance 

30 directly or by measuring interference between the two reflected portions 203r and 204r. 

19 



• Note that a change in reflectance can indicate a corresponding change in grain structure 
due to change in surface roughness. Roughness can also be measured by measuring 
light scattering (e.g., as indicated by a ratio of intensity of diffuse and specular 
reflection). Alternatively, instead of the probe beam 203i, a heating beam can be used 

5 as described in U.S. Patent 6,054,868. Specifically, the heating beam has a power (also 
called "heating power") modulated at a frequency which is selected to be sufficiently 
small to cause a majority ofthe heat to transfer by diffusion from region 21 1 . In one 
example, the heating beam has a wavelength of 0.83 microns, has an average power of 
10 milliwatts, a diameter of 2 microns and is modulated at 2000 Hertz. 

10 The modulation frequency ofthe heating beam is selected to be sufficiently 

small to ensure that at anytime the temperature of traces 211A-211N is approximately 
equal to (e.g., within 90% of) the temperature of these same traces 211A-211N when 
heated by an unmodulated beam (i.e., a beam having constant power, equal to the 
instantaneous power ofthe modulated beam). For example, the modulation can be 

15 sinusoidal between 0 and 50 milliwatts, i.e., P - 50 sin (27ift), where f is the 

modulation frequency. In such an example, at the time when the modulated power has 
an instantaneous value of 25 mW, the temperature under the heating beam 
approximately equals (e.g., is no less than 90% of) the temperature obtained with a. 
heating beam having constant power, e.g., 25mW. 

20 In one embodiment, the modulation frequency is selected to cause all traces 

21 1 A-21 IN iUuminated by the heating beam to be at substantially the same temperature 
relative to one another (e.g., varying less than 10% between adjacent traces). Such a 
linear response condition occurs when the thermal wavelength X (which is the 
wavelength of a thermal wave that is formed in the structure) is at least an order of 

25 magnitude larger than the diameter Dp of the Uluminated region 1 1 . 

Therefore, when a heating beam is modulated, the temperature T (and therefore 
the reflectance) of traces 21 1 A-21 1M is also modulated in phase with modulation ofthe 
heating beam (under linear response conditions). Reflected portion 204r (which is 
sensed to generate an electrical signal) is also modulated, in phase with modulation of 
30 the heating beam. The modulated electrical signal is detected by use of a lock-in 
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• amplifier as stated in the U.S. Patent 6,054,868. The modulated electrical signal can be 
used to identify variations in one or more material of the traces (e.g., resistance per unit 
length which is indicative of cross-sectional area). Note that a heating beam and a probe 
beam can be offset from one another, for example by a distance of 5-8|jm because the 

5 effect of the heating beam (the linear thermal response) is noticeable for a greater 
distance (e.g., 10-15fim) before reaching room temperature. 

In one embodiment, an apparatus 800A (FIG. 2D) is used to practice one or 
more methods described herein. Specifically, apparatus 800A includes a lens 802 that 
collimates a beam generated by a laser 801 , thereby to provide a beam 803. Depending 

10 on the implementation, laser 802 can generate a beam that is not polarized, or polarized 
in a direction 45° relative to the traces. Apparatus 800A includes two polarizers 804a 
and 804b (such as polarizing beam splitting cubes). Polarizer 804a is located in the path 
of beam 803, and transmits light polarized in the plane of the paper and deflects light 
polarized perpendicular to the plane of the paper. Thus beam 820 transmitted by 

1 5 polarizer 804a is polarized in the plane of the paper. A beam 821 that is deflected by 
polarizer 804a is sent to an absorber (for safe disposal). 

Instead of using polarizer 804a, apparatus 800A can be configured to use 
another polarizer 804b that is located offset from the path of beam 803. Polarizer 804b 
transmits light polarized perpendicular to the plane of the paper and deflects light in the 
20 plane of the paper. Beam 820 is incident on a beam splitter 805 that is also included in 
apparatus 800a. Beam splitter 805 passes a portion (e.g., 50%) of the incident light as 
beam 822 which is focused on structure 807 by an objective lens 806 located 
therebetween. Light reflected from structure 807 is deflected by a beam splitter 805 to 
form beam 808 which is incident on a detector 809. 

25 In one implementation, the parts described in the following table are used to 

form apparatus 800A 

80 1 980 nm laser diode model SDLO-2597-160-BN (Spectra Diode Labs) 

802 Collimating lens Thor Labs P/NF230FC-B followed by 3X anamorphic prism, 
30 Melles Griot P/N 06GPA004. 

. 804a,b Cube beamsplitter, Part 05FC16PB.7, available from Newport, 
Irvine, CA 

805 Cube beamsplitter, Newport P/N 05BC17MB.1 

806 100X objective lens, Part 1-LM5951 available from Olympus, Tokyo, Japan. 
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809 Si PIN photodiode, Hamamatsu S2386-8K 

810 Same as 804 
812a,b Same as 809 

5 Hamamatsu is m Hamamatsu, Japan. Newport is in Irvine, CA. ThorLabsisin 

Newton, New Jersey. Spectra Diode Labs is in San Jose, CA. 

In addition, a Woilaston prism may be inserted (described later). This is made 
by Karl Lambrecht, part number MWQ12-2.5am-V8 1 0. A polarizer may be 
placed following the Woilaston prism, such as a Polarcor™ Linear Polarizer, 
10 Newport P/N05P309AR.16. 

Note that polarizers 804a and 804b can be replaced by a half-wave plate located 
in the path of beam 803 (i.e., inline between lens 803 and beam splitter 805). In this 
case, laser 801 is polarized. The half-wave plate rotates polarization of beam 803 by 
90°, thereby to cause beam 810 to have orthogonal polarization. The half-wave plate 
1 5 performs rotation of polarization to provide a probe beam having polarization in either 
direction without loss of power (whereas when a beam splitting cube is used, 50% of 
the power is deflected and lost). 

In another embodiment, apparatus 800B (FIG. 2E) includes a laser 801 that 
generates a beam 803 that is either unpolarized or circularly polarized (thereby 
20 containing components in both polarization directions). As described above, beam 

splitter 805 passes only a portion of beam 803 as beam 830, while another portion 808 
is incident on a polarizer 810 (which can be, e.g., a polarizing beam splitter). Note that 
beam 808 is a return beam from laser 801 . When beam 808 is unpolarized or circularly 
polarized, beam 808 contains components in both polarization directions. 

25 Polarizer 810 passes one polarization component to detector 8 1 2a as beam 811a, 

and deflects the other polarization component as beam 81 lb to detector 812b. Detectors 
812a and 812b simultaneously provide measurements of the individual intensities of 
beams 81 la and 81 lb (which represent the parallel and perpendicular polarization 
directions depending on the orientation of the pattern on the wafer 807 with respect to 

30 the orientation of beam splitter 810). Note that a polarizing beam splitter can be 

included in the apparatus of FIGs. 2D and 2E, between splitter 805 and lens 806. hi this 
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case, beam 822 (FIG. 2D) or beam 830 (FIG. 2E) is split into two components having 
mutually perpendicular polarization directions. As described below, lens 806 focuses 
the two spatially separated beams on wafer 807 (see FIGs. 6C and 6D). In addition, a 
polarizer can be included between prism 805 and lens 806. If such a polarizer has its 
5 transmission direction oriented at 45° relative to the two polarization directions, then 
the two spatially separate beams have the same polarization direction (as illustrated in 
FIGs. 7C and 7D). 

One embodiment uses two probe beams that are polarized in the parallel and 
perpendicular directions relative to traces 21 1 A-21 1M. In this embodiment, two 

10 electrical signals for the two polarization directions are used contemporaneously (e.g., 
just before, during or just after each other). Depending on the implementation, the two 
probe beams can originate from a single beam that is either nonpolarized (with the 
components being obtained after reflection, by passage through a polarizing beam 
splitter), or is polarized at 45° relative to traces 21 1 A-21 1M. Alternatively, the two 

1 5 probe beams can originate in two independently generated beams that are polarized in 
the parallel and perpendicular directions relative to traces 211 A-211M. 

An electrical signal is obtained by measuring the reflected light when using the 
above-described two probe beams for a production wafer. Such a signal is used (in this 
implementation) with charts (which may be in tabular form or graphical form and which 
20 are formed by use of wafers having known properties) to look up the average thickness 
of layer 202 and the average thickness of lines 21 1 A-21 IN. For example, when beam 
12 (FIG. 1A) has one of wavelengths 1.48pm or 0.83pm, one of respective lines 326 
and 327 (FIG. 3A) is used to look up average thickness "t" of layer 202 (e.g. in the 0.8- 
1.2pm range). 

25 To resolve any ambiguity in a reading from the chart, the measurement can be 

repeated with probe beam(s) of different wavelengths(s). For example, if when using 
the 1 .48 pm wavelength beam (see line 326 in FIG. 3 A), the reflectance signal is 0.2 
(ratio of reflected power to incident power, if the incident power is 1 mW and the 
conversion efficiency is 1 V/mW, then the signal is 0.2 volts) then the thickness can be 

30 either 0.885 ^irn or 1 .105 pm. In the example, if when using the 0.83pm wavelength 
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• beam (see line 327 in FIG. 3A), the reflectance signal is 0.3 (ratio of reflected power to 
incident power, or 0.3 volts with an incident power of 1 mW and conversion efficiency 
of 1 V/mW) then the thickness is 1.1 um. 

When a beam of electromagnetic radiation falls onto a structure having a 
5 number of layers of different materials, multiple reflections take place within the 
structure. If the distances between the various boundaries are sufficiently small (e.g. 
less than the X A the coherence length of the beam) the reflected beams are coherent with 
one another, and will interfere. Several equations presented below describe properties 
of such a structure in terms of the reflectance measurements, and can be used to 
10 program a computer (as would be apparent to the skilled artisan) to display the 
properties or change in properties. The structure may consist of/ layers. The 
structure's properties include not only the refractive indexes n f and the thicknesses tj of 
the layers but also the refractive indexes m and n m of the substrate and the transmission 
medium. 

1 5 The angle of incidence 0 and the wavelength X and plane of polarization (± or ||) 

of the incident radiations are the external to the structure. A method of calculating the 
transmittance T and the reflectance R of a multilayered structure from the above- 
described properties is based on a matrix formulation of the boundary conditions of the 
surfaces (derived from Maxwell's equations). Specifically, it can be shown that the ith 

20 layer can be represented by the following 2x2 matrix 

cos(Sj) — sin(5j) 



ijUj cos 



J 

(Sj) cos(8,) 



(8) 



where 



x 



the quantity nfy cos often being called the effective optical thickness of the layer for 
an angle of refraction and where Uj, the effective refractive index, is given by 
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n J 

(10) 



cosw,) 



depending on whether the incident radiation is polarized parallel (top case of Uj in 
equation 10) or perpendicular (bottom case of Uj in equation 10) to the plane of 
incidence. 

The angle is related to the angle of incidence 9 by Snell's law 

n m sin 9 = nj sin <|>j 0 *) 

The complete multilayered structure is represented by the product matrix M, 
M = MiM 2 ■Mj - Mi-iMi ( 12 ) 



10 M 



j mn into j (13) 

\imn TWaJ 



In the above equations (8) - (13) the refractive index of any absorbing material 
in the structure must be replaced by its complex refractive index n, defined by 

n = n-ik 04) 

15 Where k is the extinction coefficient of the material. Even though all the elements of 
the layer matrix for such a material are now complex, its determinant will still be unity. 

In terms of the elements of the product matrix, the amplitude transmittance and 
reflectance coefficients t and r are given by 

2 "m (15) 
{X + W)+i(Y + V) 
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(X-W)+i(Y-V) (16) 
(X + W)+i(Y + V) 

where 



JV = n s m 22 , 

V = m 2l -k s m^ (17) 

where mij are the elements of the matrix in equation 8, n s -ik s is the complex refractive 
index of the substrate, and n m is the refractive index of the incident medium, which is 
1 0 usually air, so that n m =l . 

The intensity transmittance and reflectance coefficients are 

71 „, 

m 

R=\rf (19) 
The absorption of a multilayer is calculated from 
15 A=l-T-R (20) 

Note that lines 326 and 327 (FIG. 3 A) are for use whoa a single beam 12 (FIG. 
1 A) is incident on region 1 1 and includes light polarized perpendicular as well as 
parallel to traces 1 1 A-l IN (FIG. 1 A) . Each polarization direction of light reflected 
from region 1 1 may include two components (reflected by each of surfaces 13s and 14s) 
20 that interfere. Two such measurements of reflectance using probe beams of the two 

wavelengths when used with lines 326 and 327 determine a unique value of thickness of 
layer 13. Note that pitch "p" is less than half the smallest wavelength, i.e., p < 0.5p.m. 
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Note that if such parallel and perpendicular polarized probe beams are offset from one 
another, a surface profile is obtained from the reflected signal as discussed below. 

In a similar manner, another line 328 (FIG. 3B) is used to look up average 
thickness "m" of traces 21 1 A-21 IN (FIG. 2A) in the illuminated region. In the example 
5 illustrated in FIG. 3B, a reflectance signal is plotted on the y axis and thickness of traces 
(in the fonn of traces in a semiconductor substrate) is plotted along the x axis. In this 
example, pitch p is 0.36 |xm and trace width is 0.18 \xm. 

Note that the thickness of traces 211 A-21 IN can also be determined from a 
measure of resistance per unit length (e.g., as described in U.S. Patent 6,054,868), 
10 which indicates cross-sectional area if the line width and conductivity are both 
substantially fixed (e.g., change less than 10% in the illuminated region). 

In this embodiment, the measurements are repeated at multiple dice in a 
production wafer, and the thickness values are plotted for the various dice as illustrated 
in FIGs. 3C-3E. For example, a graph with the thickness of layer 202 plotted along the 
1 5 x axis, and the thickness of lines 21 1 A-21 IN plotted along the y axis results in points 
that fall along a straight line. For example, lines 15 1 and 152 (FIG. 3C) are fitted to the 
points plotted for 0.18 |imand.25 |xm dice respectively. 

In the just described example, 0.18jam and 0.25jim are half-pitches (e.g., same 
as line width, with line width equal to the space between the lines) so that pitch is 0.36 
20 and 0.5pm respectively. Note that the measurements illustrated in FIG. 3C are obtained 
by use of a heating beam to measure thickness m of traces 21 1 A-21 IN, and by use of 
interference to measure thickness t of layer 202 as described herein. Note, however that 
points 153 and 154 for die 5 are at a significant distance from lines 151 and 152 thereby 
to indicate a problem with the line width of traces 21 1 A-21 1M in die 5. 

25 Instead of fitting the thickness measurements to a line, the thickness 

measurements can be plotted along the y axis, with the x axis representing the various 
dice as illustrated in FIG. 3D. Note that the relationship between the two lines 155 and 
156 reverses for each of dice 5, 9, 1 1 and 12, thereby to indicate a problem with line 
width in these dice. Note that the difference between the two thickness measurements 
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can also be plotted as illustrated in FIG. 3E. A difference in excess of a control limit 
(e.g., 0.50) indicates a problem. 

Therefore, in one embodiment, the various graphs in FIGs. 3A-3E indicate a 
problem if there is a discontinuity therein. Instead of, or in addition to comparing the 
5 thicknesses relative to one another, each thickness can be compared to a range of 

acceptable thicknesses. When thickness falls outside the range, there is a problem (e.g., 
over or under polishing or metal deposition problem). Simultaneous generation of the 
two electrical signals for the two thicknesses provides an advantage in speed, as 
compared to sequential generation of the two signals. 

1 0 Instead of determining the absolute value of thicknesses "t" and "m" as 

described above, the measurements can be directly plotted (or compared to a range) to 
identify variation in the measurements. When the variation exceeds a predetermined 
limit, appropriate acts are performed to correct the situation (e.g., by changing a process 
parameter used to control fabrication of another wafer). Therefore, reflectance need not 

15 be computed, and instead a signal indicative of intensity of a reflected portion is used 
directly. 

In one embodiment, a method 400 (FIG. 4A) uses two signals of the type 
described above to evaluate a wafer as follows. Specifically, in act 3 10, a wafer is 
inserted into a wafer aligner of apparatus 125, and traces formed therein are oriented in 

20 a predetermined direction relative to a stage. Next, in act 301 , one or more polarized 
beams having a known orientation relative to the predetermined direction (i.e., relative 
to the traces) are generated, and illuminate the traces. Thereafter, in act 302, a property 
of the array of traces is measured, using a beam polarized parallel to the traces. 
Computer 126 checks if the measured property is within a predetermined range, and if 

25 not a process parameter is adjusted (e.g., via bus 1 15 described above) as illustrated by 
act 302a. 

Then, in act 303, a property of the layer in which the array of traces is embedded 
is measured, using a beam polarized perpendicular to the traces. Computer 126 checks 
(in act 303) if the measured property is within a predetermined range, and if not another 
30 process parameter (or even the same process parameter described above) is adjusted, as 
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• illustrated by act 303a. Next, computer 126 compares (in act 304) the two 

measurements to one another, and if there is a large deviation yet another process 
parameter (or even the same parameter) is adjusted, as illustrated by act 304a. Then the 
above-described acts are repeated (in act 305) at a number of sites, to obtain a 

5 uniformity map of the type illustrated in FIGs. 3C-3E. 

Note that the measurements can also be displayed to an operation (by computer 
126) in a two-dimensional map of the wafer as illustrated in FIG. 4B. For example, dies 
5,9, 1 1 and 12 may be shown highlighted (e.g., brightened, darkened or different color 
or hatched) to indicate measurements beyond a control limit (see FIG. 3E). There may 
10 be different types of highlighting (e.g., die 5 v/s dies 9, 11, 12) to show the degree of 
variation beyond the control limit. Instead of using a control limit, all measurements 
may be displayed (in correspondingly varying shades of gray or color). 

Such two-dimensional maps indicate variations across the production wafer 
(e.g., dies 5, 9, 11 and 12) are located at the periphery of the wafer and therefore 

15 indicate a problem at the periphery. An example of such a problem could occur due to 
voids forming in the metal traces, typically if dies all around the periphery fall outside 
of a control limit (in the example dies 13-26 may fall with the control limit and so a 
different problem may be present). If several dies of a particular region (e.g., dies 5, 9, 
1 1 and 12 in the bottom right corner) are affected, there may be a problem in that 

20 region, such as a number of voids in one or more of the traces in the illuminated region. 

If the uniformity is not within control limits, a process parameter is adjusted, as 
illustrated by act 305a. If a production wafer passes all the tests, one or more additional 
layers are formed on the wafer by the various apparatuses 120-124 (FIG. ID), and then 
the wafer is returned to the aligner (in act 310), and the measurement and control acts 
25 301-305 are repeated. Note that while forming the additional layers, acts 301-305 and 
3 10 can be performed on a different production wafer. 

hi several of the above-described embodiments, there is a transmissive medium 
directly in contact with the traces, between the traces (on the structure) and a source of 
the beam. However, in another embodiment, a substrate 500 (FIG. 5A) has a 
30 transmissive layer (e.g., oxide) 501 formed over a network of traces 201 A-201N, and 
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properties of layer 501 are measured by use of a probe beam polarized in a direction 
parallel to traces 201 A-201N, a portion of the probe beam being reflected from 
underneath layer 501, by traces 201 A-201N. 

5 In one variant of the just-described example, a heating beam 504 is used in 

addition to the above-described probe beam. Heating beam 504 can be polarized 
parallel to the traces, for heating the traces as described above. Alternatively, heating 
beam 504 can be polarized perpendicular to traces 201 A-201N, and therefore passes 
through layer 507 twice, once in the incidence direction DI, and a second time in the 

10 opposite direction DR after reflection by surface 508s between layers 507 and 508. So 
beam 504 which covers multiple traces 201 A-201N provides an increased heating effect 
(as compared to a heating beam that is incident only on one trace 2011 or incident 
polarized parallel to traces 201 A-201N). 

Note that the just-described increased heating effect depends on several factors 
15 such as thickness of traces 201A-201N, the direction of polarization relative to the 
longitudinal direction of traces 201 A-201N, and the thickness of layer 507 (which 
affects the reflected power from the underlying structure). In another embodiment, the 
heating beam is polarized parallel to the longitudinal direction of the traces. In this 
case, the heating is independent of the thickness of the traces or of the thickness of layer 
20 507. This provides heating independent of other parameters of the structure e.g., if 
measuring resistance per unit length. 

Therefore, the extinction ratio (FIG. 2C) changes with change in thickness of 
traces 201 A-201N. If the width of traces 201 A-201N is fixed, the extinction ratio can 
be used as a measure of the trace thickness. If trace thickness is fixed, then the 
25 extinction ratio provides a measure of variation in thickness of layer 507. In one 

implementation, a measurement (using a probe beam and heating beam 504) is made 
immediately after formation of layer 501, and provides a more immediate feedback to 
control the operation of the apparatus (FIG. ID) used to form layer 501. 

Note that depending on the embodiment, layer 501 (FIG. 5A) can be in contact 
30 with just one surface of each of traces 201A-201N, or alternatively a layer 502 (FIG. 
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5B) can be in contact with multiple surfaces (e.g., three surfaces) of each of traces 
201A-201N (e.g., traces 201 A-201N are embedded in layer 502). In one embodiment, 
two probe beams 504A and 504B (FIG. 5B) that are polarized in mutually perpendicular 
directions (e.g., obtained by use of a Wollaston prism) are used to evaluate a structure 

5 509 having traces 503A-503N that are embedded within a layer 502. In this 

embodiment, beam 504A that is polarized parallel to traces 503A-503N is reflected as 
beam 505 A by these traces, and interferes with a beam 505B which is a portion of 
perpendicular polarized beam 504B reflected by surface 502S (assuming that layer 506 
is a substrate that absorbs light). The two reflected beams 505A and 505B interfere, 

10 and an electrical signal derived therefrom provides a profile of traces 503A-503N. 

In another embodiment, two beams polarized perpendicular to each other are 
used with structure 1501 that has traces 1504A-1504M exposed to the transmissive 
medium. In this embodiment, a portion of the parallel polarized beam 1502as (FIG. 6A) 
is reflected by traces 1504A-1504M, and a portion of the perpendicular polarized beam 
15 1502ap (FIG. 6C) is reflected from a surface 1503S of layer 1503 underneath traces 
1504A-1504M. Note that traces 1504A-1504M are coplanar as illustrated in FIG. 6A, 
while the similar traces 1509A-1509M are substantially coplanar as illustrated in FIG. 
6B (e.g., the "substantially coplanar" traces may be embedded in the same layer 1508 to 
form a single exposed surface 1509L). 

20 In the preceding sentence, the terms "coplanar" and "substantially coplanar" are 

used to mean the following. In the case of coplanar, the surface serves as a reference to 
measure the profile of the underlying surface. Hence, the planarity of lines 1504A-M 
should be less than 10% of the profile of surface 1503S. Substantially coplanar refers to 
the profile of surface 1509L, which could be defined as an order of magnitude less 

25 planar than underlying reference surface 1508S. 

The reflected portions are used to generate an electrical signal which indicates a 
profile of the underneath surface 1503S when the beams 1502as and 1502ap are offset 
by a distance Do. Offset distance Do may be, for example same as a diameter Dp of 
probe beam at the illuminated regions. When the two polarized beams are coincident 
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on the same region (e.g. see region 1 1 illustrated in FIG. 1 A), such an electrical signal 
indicates a thickness t of the exposed layer(e.g. layer 1503 in FIG. 6A). 

Note that in structure 1501, exposed surface 1501T of a trace 1504M is co- 
planar with a surface 1501L of a layer that interdigitates between the traces 1504A- 

5 1 504M, and these two surfaces can be formed, e.g., by chemical mechanical polishing. 
The two probe beams 1502asand 1502 ap can be generated in any manner, by use ofa 
polarizing optical element such as a Wollaston beam splitting prism and an objective 
lens focusing the beams on the structure, e.g., as illustrated in FIG. 6E. Note that an 
exposed surface (formed by surfaces 1501T and 1501L) is being used as a reference 

10 surface by the parallel polarized beam (and conversely the surface 1503S can be used as 
a reference surface by a perpendicularly polarized beam). 

Two probe beams 1502bs and 1502bp that are polarized mutually perpendicular 
to each other can each be oriented at 45° relative to the longitudinal direction L (FIG. 
6D) of traces 1 509 A-l 509M, so that at least a portion of each beam is reflected from the 
15 exposed surface 1505 (FIG. 6B) of the structure. In such a case, the electrical signal 
obtained from two or more reflected portions indicates a profile of the exposed surface 
1 505 . An optional polarizing beam splitter can be used to limit the measurement to just 
the two portions that are reflected by traces 1509A-1509M (as opposed to other portions 
that may be reflected, e.g. by the underneath surface 1508S. 

20 Note that for convenience, FIGs. 7A-7E are labeled with many of the same 

reference numerals as FIGs. 6A-6E. In one embodiment, a polarizer 1523 (FIG. 7E) is 
interposed between Wollaston prism 1520 and lens 1521 and is oriented at 45° relative 
to the two orthogonal polarization directions of beams 1502as and 1502ap generated by 
prism 1520, so that these beams have polarization directions parallel to one another 

25 when incident on lens 1521. For example, as illustrated in FIGs. 7 A and 7C, both 

beams 1502as and 1502ap can be oriented perpendicular to traces 1504A-1504M so that 
the reflected signal provides a measure of the profile of surface 1503S located 
underneath traces 1504A-1504M. Alternatively, as illustrated in FIGs. 7B and 7D, both 
beams 1502bs and 1502bp can be oriented parallel to traces 1509A-1509M, so that the 



32 



WO 01/67071 




PCT7US01/07475 



reflected signal provides a measure of the profile of surface 1509L which is formed by 
traces 1509A-1509M and layer 1508 interdigitating therebetween. 

In one specific implementation, the following three techniques are used to 
perform a number of measurements. In a first technique called "Metal Illumination" 

5 (3Vfl) 9 one laser heats a metal film under linear response conditions so that the film's 
temperature is modulated at a frequency which is selected to be sufficiently small to 
cause a majority of the heat to transfer by diffusion. The peak temperature is under the 
beam focal spot, and is a function of the thermal conductivity and cross-section (for a 
line) or thickness (for a film). A second laser measures the reflectance, which is a 

10 function of the surface temperature. If the conductivity is well controlled, the MI 
measurement correlates to the line cross-section or film thickness. It is typically 
applicable to films >300 A thick. The heating beam is normally the 830. nm laser, 
which may be linearly or circularly polarized. 

A second technique called "Polarized Infrared DC Reflectance" (PER) measures 
15 the reflectance of a polarized, normal incidence laser beam. Apparatus 125 (FIG. ID) 
has lasers of two wavelengths available: 830 and 980 nm. The 830 nm beam is 
circularly polarized and the 980 nm beam is unpolarized. Polarization directions are 
selected using the polarizing beam splitter in the detector, or through the use of a 
polarizer flipped into the beam to select a polarization from the circularly polarized 
20 beam. 

A third technique called "Interferometric Surface Profiling" (SP) measures the 
phase shift between two closely spaced beams with orthogonal or like polarization. 
This provides a measure of the height difference of the surface at the focus, thereby 
measuring the local slope. Integrating the slope over the length of a scan comprised of 
25 measurements at a number of sites provides the surface profile. 

The measurements are in general applied to damascene structures, although they 
may be used with conventional metal layers as well. The various defects of a structure 
that can be identified by the measurements described herein include (see FIG. 8) 
doming, erosion, oxide thickness, trace cross-section, trace thickness, groove depth, pad 
30 thickness, dishing, barrier thickness, etc which are described below in detail. 
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Doming (via PIR): The pattern dependent thickness variation of an insulator 
layer left after polishing of the insulator layer, appearing as a domed layer above the 
array. 

Erosion (via SP or MI): The pattern dependent line thickness variation in the 
5 fine-line array area, appearing as a depressed region in the middle of the array. 

Oxide thickness (via PIR): The thickness of an insulator layer as measured from 
the surface of the underlying layer to the surface of the insulator. 

Line cross-section (via MI): The cross-section area of an individual trace (height 
x width). 

10 Line height (via PIR & MI): The distance from the top to bottom of an 

individual trace. 

Groove depth (via PIR): The depth of the groove in the insulating layer. The 
conductive trace is formed within the groove. 

Dishing (via MI or SP): The depression in the surface of a pad region after 
15 polishing. 

Pad thickness (via MI): The thickness of the conductive layer in the pad region. 

Barrier thickness (via MI): The thickness of the thin layer formed between the 
pad and the insulator. The barrier also exists between the lines and the insulator in the 
arrays. 

20 Post electrodeposition topography (via SP): Before polishing, a conductive 

layer covers the entire surface. This layer is polished off, leaving the lines and pads. 
The surface has a topography that is pattern dependent. 

Thin layers (via PIR): A variety of thin layers may be used in the process. When 
thinner than e.g. 400A, these layers may be transparent. They are used for barriers, 
25 silicides, anti-reflection coatings, and other applications. 
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Resistance per unit length (line cross-section) (via MI): The MI measurement is 
used to characterize the cross-section of fine patterned traces. Assuming the 
conductivity of the material of the trace is constant, the output is resistance per unit 
length, which varies inversely with the line cross-section. Because the cross-section is 
5 the product of the width and height of the trace, comparing the results of this 

measurement to a thickness measurement will give variation in width. A number of 
factors can cause width variation, including changes in critical dimensions (CDs), 
voiding, and barrier thickness. The measurement is also sensitive to adhesion, since it 
relies on thermal leakage into the surrounding insulator. 

10 For performing the MI measurement, the heating and probing beams are 

polarized along the length of the traces to eliminate sensitivity to the underlying 
insulating layer. In this case, the measurement can be performed at any level of metal as 
long as the pitch is less than the wavelength or the trace width is greater than the spot 
size (i.e. beam diameter). One embodiment has a sensitivity requirement of cross- 
1 5 section variation <5%. 

Numerous modifications and adaptations of the above-described embodiments, 
implementations, and examples will become apparent to a person skilled in the art of 
using lasers to measure properties of semiconductor wafers. For example, in an 
alternative embodiment, instead of using a laser to generate heating beam 101, another 
20 heat source (such as an electron gun and electron focusing column mat forms an 
electron beam) is used to modulate the temperature T. Also, a probe beam used to 
measure the average trace thickness as described herein can consist of x-rays, in which 
case there is no need for the wavelength to be longer than the pitch. 

Note that the above-described method and apparatus can be used with traces of 
25 any metal (such as copper or aluminum) or any silicide (such as titanium, cobalt, or 
platinum), irrespective of whether or not the traces have been annealed. 

Moreover, instead of various shades of grey or color in a map, a contour map 
may be displayed, with contour lines connecting dies having approximately the same 
measurements. For example, dies 2, 4, 7 and 8 that fell within the range 0.47-0.48 
30 illustrated in FIG. 3E may be shown connected by a first contour line (or color), dies 1 
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and 3 maybe shown connected by a second contour lie, dies 6 and 10 may be shown 
connected by a third contour line, and so on. 

Note that a measure of thickness of a conductive layer as described herein can be 
used to obtain a surface profile of the conductive layer, e.g., to identify a dimple that 
5 maybe formed during polishing. 

Another embodiment of a method and apparatus of the type described herein 
illuminates a region of a wafer (having a number of traces over an underlying layer of 
the type illustrated in FIG. 1 A) with polarized white light, and measures the color of the 
reflected light, e.g. wife a camera (and optionally an image processor). Films (such as 
10 layer 13 in FIG 1 A) that are sufficiently thin (e.g. about 1-2 \xm thick) have a reflectance 
that is a function of wavelength, and therefore reflect light of a color that depends on the 
thickness (e.g. thickness t in FIG. 1 A). 

When the incident light is polarized so that the electric field is oriented across 
the traces, the polarization removes at least some of the effect of the overlying traces - 
15 (e.g. traces 1 1 A-l IN in FIG. 1 A) depending on the orientation. Therefore, when using 
light polarized perpendicular to the longitudinal direction of the traces, only a colored 
region is seen whose color varies with thickness of the underlying film. The following 
table indicates the change in color of the reflected light as a function of thickness of the 
underlying layer. 



Film 

Thickness 
(Urn) 


Color of reflected light 


0.05 


Tan 


0.07 


Brown 


0.10 


Dark violet to red violet 


0.12 


Royal blue 


0.15 


Light blue to metallic blue 


0.17 


Metallic to very light yellow 
green 


0.20 


light gold or yellow slightly 
metallic 


0.22 


Gold with slight yellow 
orange 


0.25 


Orange to melon 
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Film 




Thickness 




(|im) 


Color of reflected light 


0.27 


Red violet _ 


0.30 


Blue to violet blue 


0.31 


Blue 


0.32 


Blue to blue green 


0.34 


Light green 


0.35 


Green to yellow green 


0.36 


Yellow green 


0.37 


Green yellow 


0.39 


Yellow 


0.41 


Light orange 


0.42 


Carnation pink 


0.44 


Violet red 


0.46 


Red violet 


0.47 


Violet 


0.48 


Blue violet 


0.49 


Blue 


0.50 


Blue green 


0.52 


Green (broad) 


0.54 


Yellow green 


0.56 


Green yellow ! 


0.57 


Yellow to '^yellowish (not 




yellow but is in the position 




where yellow is to be 




expected. At times it appears 




to be light creamy gray or 




metallic) 


0.58 


Light orange or yellow to pink 




borderline 


0.60 


Carnation pink 


0.63 


Violet red 


0.68 


"Bluish" (Not blue but 




borderline between violet and 




blue green. It appears more 




liKe a rnixxure uoiween vioicu 




red and blue green and looks 




grayish) 


0.72 


Blue green to green (quite 




Droaci/ 


0.77 


Yellowish" 


0.80 


Orange (rather broad for 




orange 


0.82 


Salmon 


0.85 


Dull, light red violet 


0.86 


Violet 
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Film 




Thickness 




Gam) 


Color of reflected light 


0.87 


Blue violet 


0.89 


Blue 


0.92 


Blue green 


0.95 


Dull yellow green 


0.97 


Yellow to yeuowisn 


0.99 


Orange 


i Art 

1.00 


Carnation pink 


L02 


Violet red 


1.05 


Red violet 


1.06 


Violet 


1.07 


Blue violet 


1.10 


Green 


l.ll 


Yellow green 


1.12 


Green 


1.18 


Violet 


1. 19 


Red violet 


1.21 


Violet red 


1.24 


Carnation pink to salmon 


1.25 


Orange 


l.Zo 


I CllO Wl all 


1.33 


Sky blue to green blue 


1.40 


Orange 


1.45 


Violet 


1.46 


Blue violet 


1.50 


Blue 


1.54 


Dull yellow green 



A method that measures the color of reflected light may be performed as 
follows. A beam of white light generated by a white light source(such as a halogen 
lamp) 826 (FIG. 2G) is polarized by a polarizer 804a to obtain a beam of polarized 
5 white light. Apparatus 800C illustrated in FIG. 2G has many of the same components 
as apparatus 800A of FIG. 2D. Therefore, many of the reference numerals in FIG. 2G 
are same as the reference numerals in FIG. 2D, to denote the same components. Note 
however, that instead of a source of monochromatic light 801 in apparatus 800A, a 
source of white light 826 is used in apparatus 800C. 

10 The polarized white light from polarizer 804a is used to illuminate a region of 

structure 807 with the polarization perpendicular to traces on structure 807. Thereafter, 
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a color of a portion of light reflected from structure 807 is measured, e.g. by use of an 
eyepiece lens 827, a camera 828, and optionally a vision system 829. 

Once the color is measured (either by human observation or by an optical 
instrument), the above table is used with the measured color to look up the thickness t 
5 In a variant of the method, instead of looking up thickness (which is an absolute value), 
a relative difference in thickness is measured (either qualitatively or quantitatively) by 
comparing the colors obtained from two (or more) different regions of structure 807, 
thereby to obtain a corresponding change in thickness of the layer underlying the traces. 

In one implementation, one or more measurements of the type described herein 
10 are made by a circuit 600 (FIG. 9) that uses a photodiode (e.g. either of diodes Dl and 
^ D2 to generate a current (e.g. 1 -2 milli amps) in response to the intensity of light 
incident on the photodiode. Thereafter, an amplifier U4 (FIG. 9) converts the current 
from the photodiode into a voltage (e.g. 2-4 volts). Amplifier U4 is coupled to a filter 
U10 that filters out high frequency noise (e.g. from power lines; e.g. U10 may suppress 
1 5 any signal outside the frequency range 1 00 Hz to 5 KHz). 

Thereafter, an amplifier Ul 1 amplifies the varying component (also called "ac" 
component) of a measured signal by a gain that is selectable by the user (e.g. the gain 
maybe any one of 1, 2, 4, 8, 16, 32, 64 and 128). The gain may be selected by the user 
depending on the structure 807 (FIG. 8) that is currently under examination, and the 
20 type of signals being obtained from the measurement. If necessary, an optional 10 x 
gain amplifier may be used to further amplify the measured signal. The resulting signal 
is provided to a lock-in amplifier for processing as described herein. 

In another implementation, a signal from another photodiode D2 is amplified (as 
described above, but by amplifier U7). In addition to summing the measured signals, 
25 these signals can be compared to one another, e.g. by an amplifier Ul which provides a 
difference signal. The difference signal is proportional to a property of the wafer, such 
as surface roughness. 

In an alternative implementation, signals from each of amplifiers U4 and U7 are 
supplied to a summer (not shown) that in turn provides to filter U10 a signal that is the 
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sum of the two signals obtained from the two photodiodes Dl and D2, for use as 
described herein. 

Numerous modifications and adaptations of the above-described embodiments, 
implementations, and examples are encompassed by the attached claims. 



40 



WO 01/67071 




PCT/US01/07475 



CLAIMS 

1 . A method for evaluating a structure, the method comprising: 
illuminating a region of the structure, the structure having a plurality of traces 

passing through said region; 
5 generating an electrical signal indicative of an attribute of a portion of the beam, 

the portion being reflected from said region; 

repeating the acts of "iUuminating" and "generating" in another region having 
another plurality of traces, thereby to obtain another electrical signal; and 

comparing said electrical signal with said another electrical signal to identify 
1 0 variation of a property between said region and said another region. 

2. The method of Claim 1 wherein: 
the attribute being measured is the optical phase. 

3. The method of Claim 1 wherein: 

at least two of the traces pass through the region and are each at least 
substantially parallel to and adjacent to the other; and 

the beam has a wavelength greater than a distance between center lines of the 
two traces. 

4. The method of Claim 3 wherein: 

the beam is polarized in a direction substantially parallel to one of the two 
traces; and 

said portion is reflected by the two traces. 

5 . The method of Claim 4 wherein: 

the structure includes a layer located between a source of the beam and the two 
traces; and 

the layer is at least partially transmissive, so that said portion passes through the 

layer. 



15 



20 



25 



30 



41 



WO 01/67071 




T/US01/07475 



6. The method of Claim 4 wherein: 

said portion passes through a transmissive medium other than a layer of a 
semiconductor wafer, the transmissive medium being located between a source of the 
beam and the two traces. 

5 

7. The method of Claim 4 wherein the beam is hereinafter "first beam", the 
method further comprising: 

illuminating said region with a second beam, a portion of energy in said second 
beam that is not reflected by said region being converted into heat, said second 
10 beam having an intensity modulated at a predetermined frequency being 

sufficiently small to cause a majority of said heat to transfer by difiusion from 
said region; 

wherein the portion of the first beam sensed in the act of generating is 
modulated in phase with modulation of said second beam. 

15 

8. The method of Claim 7 wherein: 

the second beam is polarized in a direction parallel to one of the two traces; and 
at least a portion of the second beam reflects from a surface of said "one of the 
two traces." 

20 

9. The method of Claim 3 wherein: 
the beam is nonpolarized; 

the attribute is a first intensity of a first component of said portion polarized in a 
direction substantially perpendicular to one of the two traces, and the electrical signal is 
25 hereinafter "first electrical signal"; and 

the method further comprises generating a second electrical signal indicative of 
a second intensity of a second component of said portion polarized in a direction 
substantially parallel to said one of the two traces. 

30 1 0. The method of Claim 3 wherein: 

the beam polarized in a direction at least substantially perpendicular to one of 
the two traces; 
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the structure includes a layer located between the semiconductor substrate and 
the two traces; and 

said portion is reflected by the layer. 

5 11. The method of Claim 1 0 wherein: 

the traces are embedded within the layer so that at least a part of the layer is 
located between the two traces and at least some of said portion passes through said 
part. 

1 2. The method of Claim 1 0 wherein the beam contains photons having 
energy equal to or lower than bandgap energy of a semiconductor material in said 
region, the method further comprising: 

creating a plurality of charge carriers in the layer, the charge carriers being 
modulated at a frequency that is sufficiently low to avoid creation of a wave of the 
charge carriers; 

wherein the portion of the beam used in the act of generating is modulated at 
said frequency and in phase with modulation of the charge carriers. 

13. The method of Claim 1 wherein the structure is a semiconductor wafer, 
20 the method further comprising, prior to the acts of illuminating and "generating": 

adding dopant atoms to at least said region; and 
creating said plurality of traces in at least said region. 



10 



15 



14. The method of Claim 13 further comprising: 

25 changing a process parameter used in either one of the acts of adding and 

creating, if the variation is greater than a predetermined limit. 

15. The method of Claim 1 wherein: 

said region is at a predetermined location in the structure; and 
30 said another region is at said predetermined location in another structure. 



16. The method of Claim 1 wherein: 
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. said region is at a first location in the structure; and 
said another region is at a second location in said structure. 



17. A method for evaluating a structure having at least a plurality of traces 
5 and a layer in contact with said traces, the method comprising: 

illuminating a region of the structure using a beam of electromagnetic radiation, 
the structure having a plurality of traces in said region, the beam having a wavelength 
greater than or equal to a pitch between at least two traces in the plurality, said two 
traces being each at least substantially parallel to and adjacent to the other; and 
1 0 generating an electrical signal indicative of an attribute of a portion of the beam, 

the portion being reflected from said region. 

18. The method of Claim 1 7 wherein: 
the traces are conductive; 

1 5 the structure is a wafer having formed therein a plurality of integrated circuit 

dice; and 

the method further comprises changing a process parameter used in creation of 
another wafer based on the electrical signal. 



20 19. The method of Claim 1 7 further comprising: 

repeating the acts of "illuminating" and "generating" in another region having 
another plurality of traces, thereby to obtain additional electrical signal for said another 
region; and 

comparing said electrical signal with said another electrical signal to identify 
25 variation of a material property between said region and said another region. 

20. The method of Claim 17 wherein: 

the attribute is a first intensity of a first component of said portion polarized in a 
direction perpendicular to one of the two traces, and the electrical signal is hereinafter 
30 "first electrical signal"; and 

the method further comprises generating a second electrical signal indicative of 
a second intensity of a second component of said portion polarized in a direction 
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parallel to said one of the two traces. 

21 . The method of Claim 20 wherein: 

the acts of generating are performed contemporaneously. 

5 

22. A method for evaluating a structure having at least a plurality of traces 
and a layer in contact with said traces, at least two traces in the plurality being each at 
least substantially parallel to the other, the method comprising: 

illuminating the structure with a beam of electromagnetic radiation having at 
10 least two polarized components wherein a first component is substantially parallel to the 
two traces, and a second component is substantially perpendicular to the two traces; 

generating a first electrical signal indicative of intensity of a portion of the first 
component reflected by at least said two traces; and 

generating a second electrical signal indicative of intensity of aportion of the 
1 5 second component reflected by the layer; 

wherein the acts of generating are performed at least contemporaneously relative 

to one another. 

23. The method of Claim 22 wherein: 

20 the acts of generating are performed simultaneously relative to one another. 

24. The method of Claim 21 wherein: 
the traces are conductive; 

the structure is a wafer having formed therein a plurality of integrated circuit 
25 dice; and 

the method further comprises changing a process parameter used in creation of 
another wafer if the first electrical signal differs from the second electrical signal by a 
predetermined limit. 

30 25. An apparatus for evaluating a wafer having a plurality of traces, said 

apparatus comprising: 

a source of a beam of electromagnetic radiation having a wavelength greater 
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than or equal to a pitch between at least two traces in said wafer, said two traces being 
each at least substantially parallel to and adjacent to the other; 

a photosensitive element located in a path of a portion of the beam, the portion 
being reflected from said region; 
5 a memory; and 

a comparator coupled to each of said memory and said photosensitive element. 

26. The apparatus of Claim 25 further comprising: 

a polarizer located in a path of said beam between said source and said wafer. 

10 

27. The apparatus of Claim 26 further comprising: 

a stage supporting said wafer, the stage holding the wafer to orient the traces in a 
predetermined direction; 

wherein the polarizer is aligned to orient polarization of the beam in said 
1 5 predetermined direction. 

28. The apparatus of Claim 26 further comprising: 

a stage supporting said wafer, the stage holding the wafer to orient the traces in a 
predetermined direction; 
20 wherein the polarizer is aligned to orient polarization of the beam perpendicular 

to said predetermined direction. 

29. The apparatus of Claim 25 wherein: 

said memory is coupled to the photosensitive element; and 
25 during operation, said memory stores a first signal generated by the 

photosensitive element at a first time, the first signal being related to a first region in the 
wafer and said comparator compares the first signal with a second signal generated by 
the photosensitive element at a second time, the second signal being related to a second 
region. 



30 



30. A method for evaluating a structure having at least a plurality of traces 
and a layer in contact with said traces, at least two traces in the plurality being each at 
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least substantially parallel to the other, the method comprising: 

illuminating a first region of the structure with a first beam of electromagnetic 
radiation; 

illuminating a second region of the structure with a second beam of 
5 electromagnetic radiation; 

generating a first electrical signal indicative of intensity of a portion of the first 
beam reflected from the first region; 

generating a second electrical signal indicative of intensity of a portion of the 
second beam reflected from the second region; and 
10 using a difference between the first electrical signal with the second electrical 

signal as a profile of a surface in the structure. 



3 1 . The method of Claim 30 wherein: 
each of the first beam and the second beam is polarized; and 
15 the first beam has a polarization direction perpendicular to the polarization 

direction of the second beam. 



32. The method of Claim 30 wherein: 
each of the first beam and the second beam is polarized; and 
20 the first beam has a polarization direction parallel to the polarization direction of 

the second beam. 



33 . The method of Claim 30 wherein: 
the traces are conductive; 

25 the structure is a wafer having formed therein a plurality of integrated circuit 

dice; and 

the method further comprises changing a process parameter used in creation of 
another wafer if the first electrical signal differs from the second electrical signal by a 
predetermined limit. 

30 

34. An apparatus for evaluating a wafer having a plurality of traces, said 
apparatus comprising: 
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a source of a beam of electromagnetic radiation having a wavelength greater 
than or equal to a pitch between at least two traces in said wafer, said two traces being 
each at least substantially parallel to and adjacent to the other; 

a polarizing beam splitter located in a path of said beam between said source and 
5 said wafer; and 

a polarizer located in a path of said beam between the polarizing beam splitter 
and the wafer. 

35. The apparatus of Claim 34 wherein: 

1 0 the polarizing beam splitter is a Wollaston prism. 

36. A method for evaluating a structure having at least a plurality of traces 
and a layer in contact with said traces, at least two traces in the plurality being each at 
least substantially parallel to the other, the method comprising: 

1 5 polarizing a beam of white light to obtain a beam of polarized white light; 

illuminating a region of the structure with said beam of polarized white light; 

and 

measuring a color of a portion of said beam of polarized white light reflected 
from the region. 

20 

37. The method of Claim 36 wherein said region is a first region and said 
color is a first color, the method further comprising: 

illuminating a second region of the structure with said beam of polarized white 

light; 

25 measuring a second color of a portion of said beam of polarized white light 

reflected from the second region; and 

using a difference in said first color and said second color to indicate a 
corresponding change in thickness of said layer. 

30 
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